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Project Summary

Experiments were conducted at Arecibo, Puerto Rico to investigate naturally-occurring
and radio wave-induced ionospheric plasma turbulence. The intriguing phenomena
reported here include large-scale turbulence created by tsunami-launched gravity waves
[Lee et al., J. Geophys. Res., 2008] and short-scale turbulence generated by VLF waves
from the Navy transmitter (code-named NAU) in Puerto Rico [Labno et al., J. Geophys.
Res., 2007]. Presented are ionospheric measurements using Arecibo 430 MHz radar
supported by data from two ionosondes and GPS satellites. The My = 9.2 earthquake in
Sumatra, Indonesia on December 25, 2004 launched tsunami and then gravity waves first
across the Indian, then into the Atlantic and Pacific Oceans, triggering intense
ionospheric plasma turbulence over Arecibo. The NAU-generated waves are intense
enough to excite lower hybrid waves, which can accelerate electrons continuously along
the geomagnetic filed, to cause enhanced plasma lines detected by Arecibo radar in the
nighttime ionosphere F region in the presence of spread F events. These energetic
streaming electrons, when detected by the Arecibo 430 MHz radar, give rise to enhanced
plasma lines with a frequency spectrum of ~ 3.25 — 4.75 MHz.

1. Introduction

In the past three years we have been conducting experiments at Arecibo, Puerto Rico to
investigate naturally-occurring and radio wave-induced ionospheric plasma turbulence.
The intriguing phenomena reported here include large-scale turbulence created by
tsunami-launched acoustic gravity waves [Lee et al., 2008] and relatively short-scale
turbulence generated by VLF waves injected from ground-based transmitters [Labno et
al., 2007]. In the first part of the report we present measurements of ionospheric plasma
dynamics conducted at the Arecibo Observatory between 20:00 and 24:00 local time (LT)
on December 25 and 26, 2004 using the 430 MHz incoherent scatter radar (ISR)
supported by data from two nearby ionosondes and Global Positioning System (GPS)
satellites. The ISR detected different ionospheric behaviors during the vertical-
transmission periods on the consecutive, magnetically quiet nights. On the night of
December 25 the ionosphere descended smoothly and spread F signatures faded. For
about two hours on the following evening the bottomside ionosphere rose by ~50 km,
inducing plasma irregularities and intense spread F. Alternating cycles of bottom-side
plasma rising and falling persisted through the remainder of the experiments. We find
that this sinusoidal behavior is a response to gravity waves propagating above Puerto
Rico. Nearly simultaneous data from two nearby stations show that GPS signals were
modified by variations in total electron content (TEC) indicating the presence of traveling
ionospheric disturbances (TIDs). The December 26 experiments were conducted about a

day after an My = 9.2 earthquake launched tsunami waves first across the Indian, then
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into the Atlantic and Pacific Oceans. The coupling at the tsunami sea-air interface
launched gravity waves that propagated for great distances beneath the mesopause. GPS
data recorded TEC variation in Asia, Europe, and the Caribbean, suggesting that TIDs
were induced on a global scale at the wake of tsunami-launched gravity waves. Energy
from imperfectly ducted gravity waves leaked into the ionosphere, partially over Puerto
Rico. The wind-velocity field of these gravity waves caused local ionospheric plasma to
rise, seeding bottomside irregularities via the generalized Rayleigh-Taylor instability to
produce intense large-scale ionospheric plasma turbulence.

In the second part of the report we describe how radio waves transmitted from the Naval
transmitter, code-named NAU, in Puerto Rico can affect the ionospheric plasmas over
Arecibo. NAU emits radio waves at a power and frequency of 100 kW and 40.75 kHz,
respectively. The NAU-generated 40.75 kHz whistle waves are intense enough to excite
lower hybrid waves and zero-frequency field-aligned ionospheric irregularities over
Arecibo. It is found that NAU is responsible for causing the enhanced plasma lines,
detected by the Arecibo 430 MHz radar in the nighttime ionosphere F region, in the
presence of spread F events. The lower hybrid waves, generated in a broad range of
altitudes at the wake of 40.75 kHz whistler waves, have a single frequency of 40.75 kHz
but with a spectrum of wavelengths. They can effectively accelerate electrons
continuously along the Earth’s magnetic field with energies from a fraction of 1 eV to 10
eV. These energetic streaming electrons, when detected by the Arecibo 430 MHz radar,
give rise to enhanced plasma lines with a frequency spectrum of ~ 3.25 — 4.75 MHz.

2. lonospheric Turbulence Created by Tsunami-launched Gravity Waves

The experimental set-up and radar/ionosonde/satellite detections of ionospheric plasma
dynamics on two successive nights are briefly described below. In terms of local time at
Arecibo, the reported experiments cover the approximate periods 20:00 to 24:00 LT on
December 25 and 26, 2004 (00:00 to 04:00 UT on December 26 and 27, 2004). Initially,
we transmitted the 430 MHz incoherent scatter radar (ISR) signals while rotating the line
feed along the perimeter of a 15° wide cone, in search of turbulent regions in the local
ionosphere. After finding active regions, subsequent radar diagnoses were conducted
using a stationary line feed that transmitted waves toward local zenith. Figure 1(a)
illustrates the general geometry of the experiments on both nights. The primary
instruments were the 430 MHz ISR and an ionosonde located at the Arecibo Observatory.

Initially the ISR line feed (i.e., transmitter) tilted 15° from vertical and rotated clockwise
from 0° to 360°, and then counter-clockwise from 360° to 0°, bringing the line feed to its
original position as illustrated in Figure 1(b). Note that if the line feed pointed toward the
northwest, radar waves were emitted toward the southeast. On average 360° rotations
took ~15.77 minutes. The radar beam has an angular width of 0.16°, when transmitting at
430 MHz. The beam-width of the nearby ionosonde is ~ £45° and covers the entire region
scanned by the ISR. Ionograms were recorded every 5 minutes. The ionosonde and ISR
operated simultaneously to monitor the occurrence of spread F due to bottomside density
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irregularities and the evolution of ionospheric distributions in the entire F layer.
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Figure 1. (a) Illustration of Arecibo ionosonde and ISR radiating from the rotating, tilted
line feed, to diagnose ionospheric plasma turbulence. (b) Top view of the cone traced by
the rotating, tilted line feed of the radiating ISR.

2.1. Arecibo Experiments

December 25, 2004

Figure 2 shows ISR and ionosonde data recorded between 20:00 and 24:00 LT on
December 25, 2004. Figure 2(a) shows a range-time-intensity (RTI) plot of backscatter
power displayed in a relative intensity format that ranges from 0 to 1. The maximum
value of radar backscatter power in a data file is set at an intensity of 1 (corresponding to
maximum electron density of 3.0 x 10'' m™). The color bar to the right of the RTI
indicates the intensity of P,. Dark areas on the RTI plot indicate regions of weak Py
where N. was low. Seven blank stripes reference radar data gaps that occurred as
operational modes changed to take plasma line measurements whose results will be
reported elsewhere. During ISR power-mode operations pulses of 52 us duration were
transmitted every 10 ms. They consisted of a 13-baud Barker code with 4 us bauds,
resulting in 600 m range resolution, with an integration of 200 pulses for 2 s time
resolution.

Figure 2(b) shows the temporal variation of [ Ne(t) dh, the total electron content (TEC),

computed from the height-integrated backscattered power | Py(t) dh along the radar beam
between 150 and 600 km altitude. Since we expect no heat sources to cause significant

change in T¢/T; at mid-latitudes over this altitude range, | Py(t) dh is proportional to |

Ne(t) dh. Below the local time axis are alternating arrows: — and < indicating times of
clockwise and counter-clockwise radar rotation, respectively. Figure 2(c) contains four
ionograms that are representative of conditions in the periods of acquisition.
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Figure 2. (a) The range-time-intensity (RTI) plot of radar backscatter power recorded on
December 25, 2004 from 20:00:00 to 24:00:00 local time (LT). (b) The computed TEC
is based on the height-integrated radar backscatter power and plotted as a function of
local time. (c) Four representative ionograms recorded during the experiments, to
monitor the local ionospheric plasma conditions.

During the initial phase of the rotating line feed operations, 20:00 to 22:05 LT, both the
RTI plot and height-integrated backscattered power show relatively quiet ionospheric
plasma conditions. Notable plasma density structures and reductions appear in Figure 2
near 22:06 and after 22:25 LT. Spread F echoes accompanied the irregularities (cf. 21:55
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LT ionogram). To observe the ionospheric depletion and associated irregularities more
closely, we stopped rotating line feed operation at 22:36:42 LT. It took ~15 minutes to
bring the ISR line feed to a stationary, vertical position.

Immediately after the stationary radar line feed operations began at 22:47:07 LT, the
density reductions/irregularities weakened and spread F echoes faded. From 22:42:29 LT
to the end of the experiments at 24:00:00 LT, the radar and ionosonde detected no
significant ionospheric turbulence that appeared in Figure 2 following the fall and rise of
the F layer.

December 26, 2004

We next discuss Arecibo experimental results obtained between 20:00 and 24:00 LT on
December 26 [00:00 to 04:00 UT, December 27], 2004. Figure 3(a) shows three plasma-
density profiles recorded between 20:00 and 24:00 local time (LT) on December 26,
2004. Figure 3(b) show the experimental geometry and a schematic representation of a
rising plasma depletion indicated by the 3 plasma-density profiles. As on the previous
day, the 430 MHz ISR operations began with the line feed tilted and rotating.

(a) (b)
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Figure 3. (a) Three ionospheric density profiles recorded on December 26, 2004 at
21:54:12, 22:00:54 and 22:09:17 local time (LT), respectively during the development of



ionospheric density depletion and the evolution of a rising plasma bubble. (b) Illustration
of Arecibo ionosonde and ISR radiating from the rotating, tilted line feed, to monitor the
development of ionospheric plasma turbulence.

The upper panel of Figure 4 shows normalized RTI backscattered powers recorded
between 20:00 and 24:00 LT in the same format as Figure 2. Deep ionospheric plasma
depletions are prominent features in ionospheric regions probed by the rotating 430 MHz
radar beam especially near 20:53:28 LT and 21:27:39 LT. Note that since the radar beam
rotation changed from clockwise to counter-clockwise rotation at 21:32:37 LT, the two

peaked values in the | Py(t) dh trace labeled A and B, represent the same plasma structure
sampled before and after the reversal. The same ionospheric structure A/B was probed
by the rotating radar beam at different times and had changed location due to ionospheric
drift, as illustrated in Figure 5. This together with Figure 4 can be used to explain how
the rotating radar beam encountered different depleted ionospheric regions as follows.
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Figure 4. (a) The range-time-intensity (RTI) plot of radar backscatter power recorded on
December 26, 2004 from 20:16:21 to 24:00:00 local time (LT). (b) The computed TEC is
based on the height-integrated radar backscatter power and plotted as a function of local
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time. (c) Five representative ionograms recorded during the experiments that demonstrate
the excitation of spread F and naturally occurring ionospheric plasma turbulence.

(d) Enlarged RTI plot recorded from 23:33 to 24:00 LT. (e) The corresponding computed
TEC from 23:33 to 24:00 LT.
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Figure 5. (a) Map of Puerto Rico showing the field of view of Ramey ionosonde (dashed
line) and Arecibo ionosonde (solid line), at an altitude of 300 km. The dotted line shows
the trace cross-section of Arecibo ISR when the beam is rotating and at a maximum angle
from the zenith. (b) Arecibo ISR beam trace cross-section.

The RTI plot and discrete density profiles allow determination of the times when the
radar beam intercepted the structures A and B. To within an accuracy of 10 s, the radar
beam encountered A and B at 21:25:18 and 21:33:21 LT, respectively. The rotation
reversal (radar waves emitted due south) occurred at 21:32:37 LT, 439s after
encountering A. The radar beam encountered B 44s after the reversal. Thus, 483s is the
approximate time between the radar intercepting A then B, with an uncertainty of 14s.
The average radar platform rotation period is 946s. With this information we can
calculate the rotation angles of A and B encounters with respect to the south.

Since (439/946) x 360° = 167.1°, the ISR sampled structure A 12.9° away from due
north. Likewise the radar crossed structure B (44/946) x 360 = 16.7° away from due
south. The uncertainty is +5°. At the altitude of 300 km and a tilt angle of 15°, the radius
of the circle traced by the radar beam traces is ~80 km. Along the east-west direction, A
and B are separated by 80 km x (Sin [16.7°] - Sin [12.9°]) = 5.4 km. The estimated east-
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west component of drift is 5400 m/483 s = 11.2 m/s. This is consistent with the east-west
drifts deduced in earlier Arecibo experiments [Lee et al., 1998a]. Because of this small
plasma drift, observed dynamic and turbulent ionospheric behavior can be attributed
plausibly to the temporal variations of localized ionospheric disturbances detected by the
Arecibo radar. The rotating ISR took ~3 minutes to pass across structures A and B, about
19% of the ISR rotation period. A secant drawn as the third side of an isosceles triangle
whose two other sides are cone radii separated by an angle of 19% x 360° (= 69°) has a
length of 91 km. Thus, the dense-plasma region is ~ 91 km across. However, since the
ISR cone intercepts a narrow cross section of the ionosphere, this must be viewed as a
lower limit on the thickness of structure A/B.

Having detected an ionospheric structure, we terminated ISR rotations at 21:39 LT. After
brought the line feed to a vertical position, we began stationary operations at 21:54:29
LT. From 21:54 to 22:10 LT the radar observed a significant ionospheric upwelling and
density depletion that appears in Figures 4(a) and 4(b) to rise and fall. The three density
profiles labeled 1, 2, and 3 in Figure 3(a) were acquired at 21:54:12, 22:00:54 and
22:09:17 LT, respectively. The schematic illustration in Figure 3(b) shows a density
depletion developing and moving upward with an apparent velocity of ~100 m/s. Also
note in the RTI plot that when the bottomside approached its highest altitude the local
plasma became highly structured. Sequentially recorded ionograms support this scenario,
showing a large expansion in the altitude range of spread F echoes, while the height of
the F peak remained unchanged. These observations were independently verified in
simultaneously recorded ionograms from the nearby Ramey Air Force Base. Figure 5
shows that ionosonde field of views at Arecibo and Ramey nearly overlap.

The RTI plot shows that as the ionosphere descended between 22:12 LT and 22:45 LT
bottomside structuring vanished. However, the third and fourth ionograms in Figure 4(c)
show that very intense spread F signatures persisted throughout this period. Signs of the
bottomside irregularities are evident in the RTI plot especially near 21:10 LT when the F
layer was at its highest altitude. The growth rate for bottomside plasma density
irregularities should increase at higher altitudes where the effective ion-neutral collision
rates are lower. The fact that spread F did not disappear by 22:45 LT suggests that either
the plasma descent happened quicker than the recombination time or the irregularities
moved to a different part of the sky still observable by the ionosonde, but outside the
narrow ISR field of view. The smooth structure of bottomside plasma directly above
Arecibo, evident in the RTI plot at 22:45 LT, suggests that the latter interpretation is
more probable.

The F layer continued to rise and fall after 22:50 LT with the next peak occurring at
~23:10 LT. At 23:30 LT power to the ISR was reduced to 1/3 its normal level to
maintain transmitter stability. Since the intensity of radar backscattered power was
proportionately reduced, RTI recordings from 23:30 to 24:00 LT show diminished
temporal and spatial resolution. Figures 4(d) and 4(e) are enlarged plots of the RTI and
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TEC measured during the ISR reduced-power interval. Both the height of the F layer and
TEC manifest persistent, wavelike cycles of rising and falling plasma, albeit with
diminished amplitude. Note that the 5t ionogram in Figure 4(c) indicate that intense
spread F continued during this interval.

2.2. Tsunami-Induced Gravity Waves and lonospheric Turbulence

To help quantify the relative intensities of plasma turbulence on the two nights, we
developed a Spread F Index (SFI), defined as the ratio of the total received power for an
ionogram with spread F to that of a typical ionogram without it. Spread F irregularities
produce multiple signal reflections thereby increasing the signal recorded in an ionogram.
By definition SFI = 1 when no Spread F is present. Values near 1.5 and > 2 indicate
Spread F intensities that are light and fully developed, respectively. Figure 6 compares
SFI values calculated from ionograms recorded on December 25 and 26 between 20:00
and 24:00 LT. Considerable differences between the two nights are apparent. On
December 25 [Figure 6(a)], the maximum SFI was ~3 and lasted for about an hour. On
December 26 [Figure 6(b)], the SFI was >3 for nearly 2 hours with a maximum of ~3.5.
Clearly, the ionosphere was more disturbed on the 26" than 25™of December.

Spread F Index (SFI) for Dec 25, 2004 Spread F Index (SFI) for Dec 26, 2004

0 0
20:00 2100 2200 2300 2400 20:00 2100 2200 2300 2400
Time (LT} Time (LT}

Figure 6. Spread F index (SFI) ionograms recorded by the Arecibo ionosonde on
December 25 and December 26, 2004 during 20:00-24:00 LT. Each bar is the SFI for a
particular ionogram.

Nicolls and Kelley [2005] reported experimental evidence for GW seeding of ionospheric
plasma irregularities at Arecibo. They postulated that the causative GWs were generated
by intense magnetic activity at auroral latitudes and then propagated primarily in the
meridional direction as a train of traveling ionospheric disturbances (TID). As pointed
out in the introduction, geomagnetic conditions were relatively quiet both before and
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during the period of our experiments. Auroral electrojet indices as well as particle and
field measurements from multiple DMSP satellites indicate that geomagnetic activity was
low for many hours prior to both ISR experiments. Thus, GWs, in the form of traveling
ionospheric disturbances (TID) launched by auroral activity appear unlikely throughout
the periods of interest.

Since the observed ionospheric effects were quite unusual and large, it is unlikely that
local thunderstorm activity could have caused the observed ionospheric response and
plasma depletions. In fact, the National Climatic Data Center (NCDC) website
(http://www.ncdc.noaa.gov/oa/climate/research/2004/dec/hazards.html#Storms) claims,
"No reports of severe storms were received during December 2004". It is relevant to note
that during the summer of 2004 we conducted similar experiments at Arecibo. We
observed no significant spread F events at Arecibo Observatory from August 9 through
19. This was true even on the night of 13 August when Hurricane Charlie made landfall
on the west coast of Florida at ~ 17:00 and moved off the east coast at about 23:30 LT.
Note that this hurricane was nearby but did not pass over Puerto Rico. In contrast, Bishop
et al. [2006] reported observations of ionospheric perturbations associated with the
passage of Tropical Storm Odette through Puerto Rico. Having the uncertainty of general
weather effects in mind, we examine unusual sources that may likely be responsible for
the occurrence of marked two sequential events observed on December 26, 2004. That
is, a large solitary type of disturbances was associated with the rising/falling ionosphere,
subsequently followed by a train of wavelike perturbations with persistent spread F
features, as seen in Figure 4.

The experiments of December 26, 2004 started about 23 hours after the large earthquake
off the west coast of Sumatra, Indonesia. Stevenson [2005] estimated the speed of the
tsunami waves on the open Indian Ocean was ~200 m/s. The dual-frequency altimeter on
the JASON satellite measured the tsunami’s wavelength and amplitude as ~500 km and
30 to 60 cm, respectively [Wilson, 2005]. We thus estimate a wave period of ~42 min.
This agrees with wave periods between 20 and 50 minutes shown in Figure 3 of Titov et
al. [2005].

Artru et al. [2005a] showed that after the 2001 seismic event tsunami-induced GWs, with
typical periods of ~30 minutes, had vertical and horizontal components of velocity near
50 and 200 m/s, respectively. The tsunami-induced GWs propagated from Peru to Japan.
The estimated vertical speed suggests that a GW disturbance would take about 2.5 hours
after launch to reach ionospheric altitudes. TEC structures appeared 22 hours after the
earthquake in the ionosphere above Japan at about the same time that tsunami waves
reached its shores.

Garcia et al. [2005], Lognonné et al. [2006], Komjathy et. al. [2006], Liu et al. [2006],
Hao et al. [2006], DasGupta et al. [2006], Lognonné et al. [2006], and Occhipinti et al.
[2006], respectively, have offered ground and space-based evidence that related
ionospheric disturbances occurred after the Sumatra earthquake. It is thus interesting to
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speculate that perhaps gravity waves launched by the Sumatra tsunami were responsible
for ionospheric disturbances observed over Arecibo. We consider two possible scenarios,
represented schematically in Figure 7.

In the first scenario, tsunami-induced GWs due to sea-air interactions (i.e., forced gravity
waves) or interactions with coasts [Artru et al., 2005b] would be launched close to the
seismic epicenter and propagate along the great circle path between Sumatra (95.78° E,
3.3° N) and Puerto Rico (66°W, 18.5° N). A signal propagating with a horizontal speed
of 200 m/s would traverse a path length of 18,000 km in ~25 hours. Encouragingly, this
purely kinematic estimate predicts that such a gravity-wave signal to Arecibo at about the
right time, when we saw the solitary type of TID in the rising/falling ionosphere. As
illustrated in Figure 7 a tsunami-induced traveling ionospheric disturbance (TID) would
propagate toward the southwest over Arecibo.

Puerto Rico
r o i
5.

St. Croix

0D 80 km
L=

Tsunami Waves Propagating
to Puerto Rigo B

Figure 7. Mercator projection of gravity-wave propagation paths illustrating Scenario 1:
along a great circle between northern Sumatra and Puerto Rico and Scenario 2: from
moving tsunamis toward Puerto Rico.

Indeed GWs with horizontal speeds of ~200 m/s can propagate over long distances
through the lower atmosphere in two Lamb modes that Francis [1973] referred to as LO
and L1. At the wave frequencies and phase speeds of interest the L0 and L1 propagate as
“imperfectly” ducted modes (Figure 4 of Francis [1973]) that can circumvent the globe,
usually at sub-mesopause altitudes. He also pointed out that horizontal speeds >300 m/s
are required for gravity waves to maintain long-range ducting in the ionosphere. While
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these considerations of gravity-wave dynamics seem to rule out a scenario 1 explanation,
care must be exercised before reaching this conclusion. Faced with the fact that
imperfectly ducted gravity waves had been observed to reach the ionospheric heights,
Hines [1960] (Figure 8) and Hines [1965] (Figure 11) indicated that through not yet
understood mechanisms GW energy intermittently finds transmission paths. We note that
the modeling by Francis [1973] assumed rather uniform propagation conditions that are
not always satisfied in the upper atmosphere. In fact, the tsunami-generated gravity
waves that Artru et al. [2005a and 2005b] postulated to be the sources of observed TEC
disturbances, have similar L1 mode characteristics to those reported here. There is one
significant difference between the two cases. The tsunami-generated gravity waves
propagate over open water between Peru and Japan [Artru et al., 2005a]. Large
landmasses stand between Sumatra and Puerto Rico.

Following Hines [1960; 1965] we suggest that imperfectly ducted L1 waves mostly
propagated for great distances below the mesopause. Occasionally, however, GW energy
was subject to partial scattering into the ionosphere. At ionospheric altitudes these waves
still propagated but experienced energy losses. The e-fold length for L1 wave attenuation
in the ionosphere is ~500 km. Thus, in principle an L1 wave, propagating as a TID could
be responsible for the phenomenology observed at Arecibo on December 26, 2004.

Titov et al. [2005] combined tide-gauge and satellite-altimetry data with numerical
modeling to demonstrate that surface disturbances propagated beyond the Indian Ocean.
Guided by sub-surface mid ocean ridges and continental shelves seismic generated
tsunamis were observed to span the Atlantic and Pacific. Somewhat counter intuitively,
wave amplitudes measured far from Sumatra in the Atlantic and Pacific were greater than
some observed fairly near the epicenter. Tide-gauge data indicate that after intense first-
disturbance tsunami waves, amplitudes often weakened rapidly. Modeling results of
Titov and coworkers suggest a second scenario (Figure 7), in which gravity waves
responsible for the ionospheric behavior observed at Arecibo as a train of TIDs were
generated relatively close to Puerto Rico, as tsunami waves propagated northward toward
the coast of Brazil. According to Titov et al. [2005] these TIDs should reach Arecibo
~27 hours after the initial seismic event. This model brings our interpretation of Arecibo
measurements into closer alignment with the explanation of Artru et al. [2005a] for TEC
disturbances over Japan ~ 22 hours after a tsunami-generating seismic event off the coast
of Peru in 2001, and with the recent computer modeling by Occhipinti et al. [2006] for
the 2004 Sumatra event. In the case considered by Artru et al. [2005a], cross-Pacific
tsunami waves and ionospheric gravity waves arrived in Japan nearly simultaneously. In
the second scenario, TID (forced gravity waves) generated by tsunami waves would
propagate in the northwest direction over Arecibo.

Figures 4 and 8 offer supporting evidence for the presence of wave train propagating over

Arecibo between 21:54:29 and 24:00:00 LT on December 26, 2004 during the stationary
radar operations. Figures 8(a) and 8(b) shows contours of constant backscattered power

14



and altitude versus local time and peak plasma density as a function of local time,
respectively. The upper display [Figure 8(a)] configures the RTI plot to illustrate more
explicitly the upward/downward motions of electron-density isocontours. The lower
panel [Figure 8(b)] shows the temporal variations of the NmF2 layer.
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Figure 8. (a) Contours of constant backscattered power plotted on a range-versus-time
grid. (b) Temporal variations of the maximum backscattered power are derived from
discrete power profiles. This quantity is proportional to peak electron density NmF2.

The second scenario in which causative gravity waves were generated by nearby tsunami
waves is consistent with the wavelike up/down sequence of F layer density observed after
23:33 LT, in the enlarged plots of Figures 4(a) and 4(d). The observed up/down motions
of the F layer suggest that gravity waves were the causative agent. The timing of these
events and the lack of other apparent agents (auroral activity and severe tropospheric
disturbances) make it plausible that they were generated by tsunami waves. Presented
below are GPS measurements that indicate that TIDs were active in the vicinity of
Arecibo and support both scenarios used to explain the ISR data acquired on December
26, 2004.
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2.3. GPS Measurements

We examined all available GPS measurements of TEC acquired over the December 25 —
27, 2004 time period to determine when and where TID signatures occurred.
Specifically, we focused on those GPS data that indicate the presence or absence of TIDs
near Puerto Rico moving (1) in the southwest direction between 22:20 and 23:20 LT on
December 26 (02:20 to 03:20 UT, December 27) and (2) in the northwest direction
between 23:33 and 24:00 LT on December 26 (03:33 to 4:00 UT, December 27), as
predicted for Scenarios 1 and 2, respectively. Timely detection of such TID activity
would add plausibility that the disturbances detected by the ISR over Arecibo were
related to the Sumatra tsunamis.

Vertical TEC (VTEC) values were estimated over the globe using the MIT Haystack
Observatory's Madrigal database to compute the TEC perturbation (TECP). Where ever
data are available the Madrigal database provides VTEC estimates in 1° latitude by 1°
longitude bins every 5 minutes. The data are processed routinely by the MIT Automated
Processing of GPS (MAPGPS) software package. Over 200 days of TEC data are
currently available on-line at http://www.haystack.mit.edu. Rideout and Coster [2006]
and Nicolls et al. [2004] describe the processing algorithms and the procedures used to
compute TECP, respectively. VTEC data are detrended by subtracting 2-hour running
averages in each latitude-longitude bin to produce TECP maps. This method provides
perturbation magnitudes to within a fraction of a TEC unit.

Separate runs of the MAPGPS program were also made to obtain the slant TEC (STEC)
values from the different satellites in view of GPS receivers located near Arecibo. The
two GPS receiver sites of interest in this study are the PUR2 site at Isabella, Puerto Rico
(18.462° N, 67.067° W) and CROI1 at Christiansted, St. Croix (17.7569° N, 64.584° W).
As indicated in Figure 7 they are separated by ~225 km. The presence of TID structures
can be studied by comparing STEC values measured simultaneously at the different sites.
Also, by computing differences in TEC observed from the same satellite at different
receiver sites, perturbations in the TEC can be measured using data from several
satellites.

Figure 9 contains six snapshots excerpted and generated in every 15 minutes from a
global movie of GPS/TID data acquired between 01:00 and 17:30 UT on December 26,
2004 (21:00 LT, December 25 — 13:30 LT, December 26, 2004), superposed onto global
or regional maps. We divide data of the interval into three periods characterizing the
ionosphere: (I): post-earthquake but prior to detections of TID activity, (II): initial
widespread and sustained tsunami-induced TIDs, and (III) a late TID signature observed
off the Atlantic coast of Spain. These snapshots provide evidence that tsunami indeed
launched GWs that propagated away from Sumatra and, as elaborated below, appear
responsible for a TID observed over the eastern Atlantic Ocean propagating toward
Puerto Rico.

16



Period 1 Period II Period II1

17:15:00 - 17:30:00 UT TECP

o o -]

I(a) 2 II(a) & III{a) .| e
£ g o
ol el I
= = L=
B B =
2= 2 B
sl R ] @

Geodetic Longitude, Deg Geodetic Longitude, Deg

o 02:00:00 - 02:15:00 UT o 04:00:00 - 04:15:00 UT o

Ib) & |7 ~ ’ =T IIh) & [ 7 " I1I(h) &
a. o L -
7 [ i E b 7
g Y ‘ g, §«
£+ : LY 7 = £ .
% , R 5, 5]
ol | = ?\\&"- ) pt
= ’ = =
o .:f ;J\ [T o
b-] = T
-] ] =]
[T [T Qe
a [ L]

Geodetic Longitude, Deg Geodetic Longitude, Deg Geodetic Longitude, Deg

Figure 9. Six panels of snapshots selected from a GPS TID movie clip covering the
01:00 — 17:30 UT interval on December 26 (21:00 LT, December 25 — 13:30 LT,
December 26), which has 3 periods of time to notice: (I): post-earthquake but prior to
detections of TID activity, (II): initial widespread and sustained tsunami-induced TIDs,
and (III) a late TID signature observed off the Atlantic coast of Spain. Black lines
superposed on data from Periods II and III represent segments of the great circle
connecting Sumatra and Puerto Rico.

Period I:

Figures 9-1(a) [01:00-01:15 UT] and 9-1(b) [02:00-02:15 UT] show TEC distributions
acquired in the Asian-African longitude sector after the earthquake, but before any
tsunami-launched GWs could propagate to ionospheric altitudes. Recall that following
Artru et al. [2005a] we approximated the upward propagation time to be about 2.5

hours”. Attention is directed to two aspects of the TEC maps. First the coverage has
significant gap, especially over broad oceans spans. Second, no striking organization
appears in TEC distributions that suggest no significant TID activity occurring during this
early, post-earthquake interval.

Period 1I:

The TEC map in Figure 9-1I(a) [03:00-0315 UT] shows the beginning of intense TEC
bunching that spans longitudes from central Asia to the eastern Pacific Ocean. But the
TEC map in Figure 9-1I(b) for 04:00-04:15 UT shows that (1) the disturbance had spread
to the African and Middle East longitudes, and (2) disturbances in the Asian-Pacific
sector had expanded. Clearly large TECP enhancements (i.e., TIDs) appeared about 2 to
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2.5 hours after the tsunami initiated. This initial ionospheric response to the tsunami-
launched GWs (forced gravity waves) is consistent with the propagation-delay estimates
of Artru et al. [2005a]. These forced gravity waves had propagation speeds comparable to
tsunami speed of ~ 200 m/s. The TEC maps suggest that GW energy radiated away from
a source near Sumatra. Note that TID activity detected in the Middle East provides
assurance that GW energy also radiated in the direction of great circles connecting
Sumatra and Puerto Rico.

In addition to forced gravity waves generated by tsunamis, there were fast moving
acoustic waves induced by Rayleigh seismic waves [e.g., Ducic et al., 2003; Artru et al.,
2004; Lognonné et al., 2006; Occhipinti, 2006]. The theory of generating ionospheric
seismic signals is discussed in, for example, Lognonné et al. [1998] and Artru et al.
[2001]. It can be seen from Figures 9-II(a) and 9-1I(b) that TECP related to Rayleigh
seismic waves covered a large horizontal extent from Africa to Asian-Pacific. This
indicated that these waves had large horizontal propagation speeds of, at least, ~ 700 m/s,
reaching southern Africa at 04:00 from Sumatra. The real speed is expected to be close
to the Rayleigh seismic waves 3.6 km/s , if we take into account the time for the induced
acoustic signals to reach the ionosphere [Artru et al., 2004]. Ionospheric signals (TECP)
related to Rayleigh seismic waves were detected in Asia in the event of Sumatra
earthquake [Liu et al., 2006a; Hao et al., 2006b] and in Europe [Occhipinti., 2006]. If
Rayleigh seismic signals had reached Puerto Rico, they would have caused TECP over
Arecibo a few hours after the Sumatra earthquake on the late night of December 25.
However, no significant TECP and spread F activities were seen during our experiments
on December 25. In other words, there was no evidence that Rayleigh seismic signals
could propagate far from the epicenter of Sumatra earthquake to reach Puerto Rico. This
is probably due to the absence of a horizontal component of displacements in the acoustic
waves driven by the Rayleigh seismic waves

Period I11:

After about an hour earthquake-related TID activity seemed to vanish from the global
map for many hours. In carefully examining the two-day movie we noticed that signs of
TID activity reappeared about 13 hours later in the eastern Atlantic to the west of Spain.
The ionospheric signatures of TID activity are shown in the regional maps of Figures 9-
II(a) [17:15-17:30 UT] and 9-11I(b) [17:30-17:45 UT]. The TID and causal GWs were
propagating to the west. Due to lack of GPS coverage in the mid-Atlantic it is not
possible to follow their propagation after 18:00 UT.

Our attention was first directed to these disturbances because of their proximity to the
great circle between Sumatra and Puerto Rico. Second, the TIDs were detected between
16 and 17 hours after the Sumatra earthquake. The travel time for a 200 m/s signal to
propagate from Sumatra to observed TID locations off coast of Spain is about 62% of the
25 hours to when the Arecibo ISR detected TEC and height variations in the ionosphere.
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Coincidentally, it is also about 62% of the distance between the two points.

Why might an L1 wave suddenly leak energy into the ionosphere near the Spanish coast?
GPS detected its effects between 17:00 and 18:00 UT, near the dusk meridian. Although
the wave propagated to the west in the corotating frame, it actually moved to the east in
inertial coordinates. The corotation speed in m/s is about 465 Sin A, where A represents
the instantaneous latitude along a ray propagation path. At the dusk meridian the solar
zenith angle varies most rapidly. This is probably reflected in altered characteristics of
the sub-mesopause duct in which most of the GW energy propagates.

Taken together we believe that GPS measurements of Period III provide strong, albeit
circumstantial, evidence in support of our proposed Scenario 1 for tsunami-generated
GWs causing the ionospheric disturbance detected by the Arecibo ISR. We now turn to
consider GPS-based evidence for TID activity in the Caribbean sector near the time of
our Arecibo measurements.

Figures 10-12 present GPS data acquired between 20:00 LT, December 26 to 02:00 LT,
December 27 (00:00 and 06:00 UT on December 27) that indeed indicate the presence of
TIDs over the Arecibo Observatory. Figure 10 shows line-of-sight TEC (equivalent to
STEC) from a single GPS satellite (satellite navigation vehicle, SNV, #10) as measured
by the PUR2 and the CROI receivers. The overall shapes of the TEC-versus-UT curves
determined at the two sites are related to the satellite’s orbit. In this section of the pass,
the satellite was moving toward lower elevations. Thus, the receivers were gradually
observing longer and longer ionospheric path lengths. For clarity, an offset in TEC was
added to separate the two curves and illustrate differences in the fine-scale structure of
the observed TEC. Figure 11 shows the differential STEC (DTEC) between three
different GPS satellites (SNV #10, #26, and #29) from 20:00 LT on December 26 to
02:00 LT on December 27, 2004. DTEC features at the two sites are repeatable for all
three satellites. Satellites #26 and #29 were moving in similar orbits and were being
tracked at fairly high elevations and at azimuths between 0° and 50°. Therefore it is not
surprising that observed features are similar. In contrast, magnitudes of all TEC
perturbations examined on the previous day from 20:00 LT, December 25 to 02:00 LT,
December 26 were small, in the few TEC unit range.
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Figure 10. The line of sight TEC data from a single GPS satellite (#10) measured by
GPS receivers located in Puerto Rico and in St. Croix at a separation of ~225 km.
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Figure 11. The differential STEC (DTEC) between three different GPS satellites (no. 10,
26, and 29) are shown for the time period 20:00-02:00 LT on December 26-27 2004.

21



TECP
26-Dec-2004 22:30:00 LT 26-Dec-2004 22:50:00 LT 26-Dec-2004 23:10:00 LT 26-Dec-2004 23:30:00 LT in TECU

TECP
in TECU

1

S0
40 U
30

20

10 : b 3 - '
-120 -110 -100 -%0 -120 -110 -1000 -80 -120 -110 -100 -s0 -120 -110 -100 -S50

Figure 12. Eight TECP maps selected from TEC movie clip to demonstrate TID activity
over the Caribbean Sea and the Gulf of Mexico to the west of Puerto Rico. Arrows
indicate TID propagation directions toward the southwest from 22:30 to 23:30 LT on
December 26 and northwest from 23:50 LT, December 26 to 00:50 LT, December 27
consistent predictions of Scenarios 1 and 2, respectively.

It is important to note that small TEC anomalies appear in both the PUR2 and CRO1 data
sets. The largest anomaly, marked as a TID structure in Figure 10, manifests an ~3 TEC
unit change. This TID feature was seen first by CROI at ~23:30 LT on December 26,
and by PUR2 at ~00:00 LT on December 27. During this period, the GPS satellite was
being observed at a fairly low elevation angles and at azimuths between 60° and 120°.
Plots displayed in Figures 10 and 11 together with Figure 9 demonstrate that from 22:50
LT on December 26 to 00:50 LT on December 27 the solitary type of TEC perturbations
moved toward the southwest over the Caribbean Sea and Gulf of Mexico. These GPS
data verify the independent measurements by Arecibo radar of the similar structure,
having ~ 3 TEC unit change and moving toward the southwest direction (Figure 7).
These results show that the same ionospheric disturbances were detected by the ISR and
GPS sensors, albeit at different locations and times. They are again consistent with
Scenario 1 of ionospheric turbulence, triggered by tsunami-launched gravity waves after
traveling long distances from Sumatra to Puerto Rico.

Scenario 2 turbulence in the ionosphere over Arecibo was associated with weaker TEC
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variations seen in the RTI plots of Figures 4(a) and 4(d), recorded from 23:33 to 24:00
LT on December 26 (03:33 — 4:00 UT on December 27). We believe that they too were
triggered by tsunami-launched gravity waves that had propagated into the Atlantic Ocean,
(Figure 7). This scenario is supported by the TECP maps near Puerto Rico displayed in
Figure 12, whose 8 panels were selected from the TID movie clip, covering the 22:30 LT,
December 26 — 00:50 LT, December 27 (02:30 — 04:50 UT interval on December 27).
These TECP maps cover the western Caribbean and Gulf of Mexico, in as close
proximity to Puerto Rico as allowed by the prevailing distributions of GPS satellites and
ground receivers. Signals reaching the PUR2 and the CROI1 receivers did not come from
zenith, leaving blank spots on the maps. The vertical/ horizontal axes indicate
latitude/longitude. We see that between 22:30 an 23:30 LT on December 26 (upper four
panels) TIDs drifted toward the southwest, as indicated by arrows. By contrast, arrows
in the lower four panels show TIDs moving toward the northwest between 23:50 LT on
December 26 to 00:50 LT on December 27. The upper/lower sets of panels are consistent
with predictions of Scenarios 1/2 for the Sumatra-tsunami having triggered the
ionospheric turbulence detected by Arecibo radar and ionosonde. The full TECP movie
for Figures 9-12 is available for examination at http://web.mit.edu/coqui/TEC-movie/.

2.4. Discussions and Conclusions

Gravity waves have embedded wind structures that through ion-neutral collisions move
ionospheric plasma along and across magnetic field lines. This neutral-plasma coupling
can be elucidated in terms of the following ion momentum equation:

njm; (0/0t + Vi -V) V;=-VP; + nim;g + nie(E + V; x B) - nm;vin(Vi — Uy,) 2)

where n;, m;, g, e, Vi, Pi, vin, Uy, E and B denote ion density, ion mass, gravity, electric
charge, ion velocity, ion pressure, ion-neutral collision frequency, neutral wind velocity,
and the local electric and magnetic fields, respectively. As mentioned above, Figure 7
indicates that Scenario 1 gravity waves should propagate toward the southwest over
Puerto Rico. If a Cartesian system of coordinates is adopted with its X, y, and z axes
taken along west, south, and vertical directions, respectively. Then, we set U, =% Uy +
9 Uny where xU,, and yU,, are neutral wind velocity components perpendicular and
parallel to the meridional plane, respectively.

In the rest frame of the plasma, neutral winds provide an induced electric field Eg ~ ¢
Uny B(vin /Qi) where €; is the ion cyclotron frequency and B is the total strength of
Earth’s magnetic field. This perturbation neutral wind field creates Eg x B plasma drifts
across the magnetic field. Meanwhile the neutral wind velocity moves plasma along the
magnetic field at about the same velocity.  Consequently, large-scale plasma
redistribution (interchange) is caused by the perturbation neutral velocity due to gravity
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waves, as seen in the RTI plot of December 26, 2004 (Figures 4 and 8). From Equation
(2), one can estimate that the neutral wind velocity U, is sufficient to produce the
observed effects, if U, > g/vi,, about a few meters per second in the nighttime F region.

The density depletion seen in Figure 4 is associated with a change of more than 3 TEC
units, confirmed by GPS measurements. This is significantly larger than the ~+ 1 TEC
unit effect that Artru et al. [2005a] attributed to a tsunami-induced gravity wave crossing
the Pacific Ocean. Furthermore, in the nighttime mid-latitude ionosphere there are no
sources of new plasma to “refill” depleted flux tubes. The observed "rising" depleted
flux tubes must be viewed as the consequence of an interchange instability that allowed
plasma rich and plasma poor flux tubes to sit side by side. The RTI/TEC and ionograms
in Figure 4 show that while the ionosphere rose in altitude, spread F intensified. Since
effective ion-neutral collision rates decrease with altitude, the Rayleigh-Taylor growth
rate accelerates. After the height of the ionosphere above Arecibo decreased, spread F
did not vanish. This reflects two effects:(1) new irregularities formed elsewhere as the
gravity wave propagated across the ionosonde field-of-view, and (2) cross-field diffusion
takes several tens of minutes to erode large-scale irregularities. Many measurements of
gravity waves have been made over the past decade at the Arecibo Observatory, using
incoherent scatter power profiles [e.g., Djuth et al, 1997; Djuth et al., 2004; Nicolls and
Kelley, 2005 and references therein]. Although the source(s) of these gravity waves over
Arecibo were not discussed by Djuth et al. [1997, 2004], auroral- and tsunami-related
events were identified in Nicolls and Kelley [2005] and the present paper, respectively.

In summary, the rotating radar beam successfully intercepted active ionospheric regions
on successive nights. Subsequent stationary/vertical transmissions, designed to monitor
the detailed development of ionospheric irregularities detected very different behaviors
on these nights. The different radar responses verified by GPS measurements of regional
TEC suggest that on December 26 gravity waves passed Puerto Rico causing plasma in
the ISR field-of-view to rise and fall. Consistent with growth rates for the generalized
Rayleigh-Taylor instability, RTI measurements showed bottomside irregularities forming
as the local ionosphere approached its maximum height. The continuance of strong
spread F signatures after plasma seen by the ISR descended suggests that new
irregularities were created as the wave continued to propagate within the much broader
ionosonde field of view. In the absence of other obvious geophysical sources responsible
for observed large-scale "solitary type" of gravity waves and, then subsequently, a train
of gravity waves, we examined the possibility that the gravity waves responsible for the
ionospheric rise and fall above Arecibo, were launched by the December 26, 2004
tsunamis as they propagated into the Atlantic Ocean [Titov et al., 2005]. Our GPS data
recorded in Asia, Europe, and the Caribbean indicate that global TIDs were induced at
the wake of tsunami-launched gravity waves. The possibility that seismic events can
affect space weather halfway around the world on the following day raises challenges
that merit further investigation.
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3. lonospheric Turbulence Generated by NAU-injected Radio Waves

Intense VLF whistler waves originating from radio transmitters or lightning discharges
can interact with the ionosphere via the excitation of plasma instabilities. Lower hybrid
waves and field-aligned zero-frequency plasma density irregularities can be
parametrically excited in the ionosphere [Lee and Kuo, 1984]. The excited ionospheric
density irregularities have scale sizes ranging from a fraction of 1 meter to 10 meters and
align with geomagnetic field lines to form filaments [Labno et al., 2007]. The lower
hybrid waves can accelerate electrons and ions along and across the geomagnetic field,
respectively, generating non-Maxwellian distribution functions [Lynch et al.,1994]
capable of exciting airglow. In fact, airglow effects were observed in coincidence with
the operational cycles of a VLF transmitter [Chmyrev et al., 1976], and lower hybrid
waves were detected over a powerful VLF transmitter [Berthelier et al., 1982; Bell et al.,
1991]. The mechanism described by Lee and Kuo [1984] provides a basis for
understanding the explosive spread F phenomena [Liao et al., 1989] and the spectral
broadening of VLF waves during transionospheric propagation [Groves et al., 1988;
Dalkir et al.,1992].

Experimental investigation of whistler wave interactions with ionospheric plasmas can
be ideally conducted at Arecibo Observatory. A Naval transmitter code-named NAU is
located nearby at Aguada, Puerto Rico, emitting radio waves at a power and frequency of
100 kW and 40.75 kHz, respectively. The Arecibo 430 MHz radar can be used to
diagnose ionospheric plasma effects induced by NAU transmission-excited lower hybrid
waves. A small fraction of NAU transmitted power, could be coupled into the ionosphere
via refraction and mode conversion in the presence of ionospheric density irregularities.
In this case large-scale field-aligned ionospheric irregularities act as waveguides to guide
NAU signal to propagate along the Earth’s magnetic field lines and facilitate the “linear
mode conversion” of NAU signals into whistler waves. Only 50% of NAU signal power
remains in the ionosphere after the “linear mode conversion” of the left-hand circularly
polarized wave component into a whistler-mode wave” due to ionospheric plasma density
gradients. Based on a simplified slab model of ionospheric plasmas, we obtained the
transmission coefficient and, subsequently, estimate that ~7.5% of the incident NAU
power can be coupled into the ionosphere at the altitude of F region.

The electric field amplitudes of NAU-generated 40.75 kHz whistler-mode waves in this
case would reach 1 mV/m in the ionosphere. Such intense whistler-mode waves can
parametrically excite lower hybrid waves and zero-frequency field-aligned density
irregularities in ionospheric plasmas within a second [Lee and Kuo, 1984]. As mentioned
before, the coupling of transmitted power to ionospheric plasmas can be enhanced in the
presence of density irregularities. Thus, it is reasonable to speculate that NAU signals
can be favorably coupled into ionospheric plasmas during the spread F events, which
typically occurs as a nighttime phenomenon at Arecibo. Based on these expectations we
conducted a series of Arecibo experiments between 20:00 and 24:00 local time (LT)
during 20-27 December, 2004 to investigate ionospheric plasma interactions with NAU-
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generated 40.75 kHz whistler-mode waves in the F region.
3.1. Plasma Line Enhancement in F region

[lustrated in Figure 13 is our experimental setup at the Arecibo Observatory, which is
aimed at investigating interactions between NAU-generated 40.75 kHz whistler-mode
waves and ionospheric F region plasmas. The 430 MHz radar was operated to take
measurements of plasma lines, while a nearby ionosonde at Arecibo Observatory was
used to monitor the occurrence of spread F irregularities. The distance from Arecibo
Observatory to the NAU site is approximately 52 km. The magnetic dip angle over
Arecibo is about 50°.

lonosphere

Spread-F Irregularities

HAU Transmitter

!
I,-‘r Geomagnetic West

Figure 13. Illustration of experimental setup at Arecibo to investigate F-region plasma
line enhancement caused by NAU-generated 40.75 kHz whistler waves. The 40.75 kHz
signals emitted from NAU can propagate either as subionospheric waves (denoted by Ray
1) or whistler waves (denoted by Ray 2) in the ionosphere. The coupling of NAU signals
into the ionosphere can be enhanced by ionospheric density irregularities.

During our experiments conducted from December 20 to December 27, 2004 between
20:00 and 24:00 LT, NAU transmissions were always recorded by our VLF/LF receiver.
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The NAU signals propagated largely as subionospheric waves (denoted by Ray 1 in the
figure) within the waveguide formed by the Earth’s crust and the bottomside of the
ionosphere.  However, when these 40.75 kHz waves impinged upon the interface
between the neutral atmosphere and the ionosphere, a small fraction of the transmitted
power could have been coupled into the ionosphere via refraction and mode conversion.
After entering the ionosphere, these 40.75 kHz signals propagated in the form of
whistler-mode waves (denoted by Ray 2).

During our experiments spread F events occurred usually after 20:30 LT and persisted
for several hours. The coupling of NAU-transmitted power to ionospheric plasmas was
enhanced in the presence of spread F irregularities. The Arecibo radar transmitted
vertically from the stationary linefeed throughout the experiments to take plasma line
measurements, monitoring ionospheric plasma effects induced by the NAU-generated
40.75 kHz whistler-mode waves. Because of the nighttime environmental conditions, we
could avoid getting photoelectron-induced plasma lines in experiments. The coded-long
pulse technique was used to take plasma line measurements at altitudes from 90 to 495
km with a height resolution of 150 m. Frequency-upshifted radar return signals,
corresponding to downgoing plasma waves, were recorded.

Presented in Figure 14 is one set of data, showing prominent plasma line enhancement in
the F region, when the NAU transmitter was on and spread F echoes were intense, as
monitored by our VLF/LF receiving system and Arecibo ionosonde, respectively. This
data has three sequential frequency-altitude-intensity (FRI) plots of enhanced plasma
lines taken at 00:22:21, 00:22:31, and 00:22:41 local time (LT), respectively, on
December 21, 2004. The vertical axis marked by “power (A.U.)” denotes the relative
backscatter power spectra of measured plasma lines on a linear scale. A.U. stands for
arbitrary unit. Enhanced plasma lines occurred at 00:22:31 LT in the middle plots
[denoted by (B) & (B’)]. The FRI plot in Figure 14B is recast explicitly with a color bar
in Figure 14B’ to show the broad power spectrum of this prominent event. They
appeared at altitudes around 300 £70 km, having a signal to noise ratio (SNR) of ~ 70.
The frequency spectra of these enhanced plasma lines range from 3.5 to 5 MHz with a
center frequency around 4.2 MHz. Note that there was an interference associated with
radio signals at 2.5 MHz from National Institute of Standard and Technology (NIST)
recorded throughout the experiments. Each spectrum was generated with a 10-second
integration time. Because no enhanced plasma lines were recorded 10 seconds earlier at
00:22:21 LT or 10 seconds later at 00:22:41 LT, the mechanism responsible for the
observed F-region plasma line enhancement can be completed in less than 10 seconds.
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Figure 14. A set of data showing prominent F-region plasma line enhancement, recorded
in the presence of spread F events, when NAU transmitter was on.

Another set of data is given in Figure 15, showing a less prominent but more commonly
observed case of F-region plasma line enhancement. Displayed here are a sequence of
three FRI plots, acquired at 20:49:07, 20:49:17, and 20:49:27 LT, respectively, on
December 25, 2004. This set of data shows sequentially the occurrence of F-region
plasma line enhancement at 20:49:17 LT, and disappearance in less than 10 seconds.
The enhanced plasma lines appeared at altitudes around 320 +80 km, having a SNR of ~
6, and a center frequency at 4 MHz with a bandwidth of ~ 1.5 MHz. No F-region plasma
line enhancement events were observed in the absence of spread F activities.

Plasma Line Enhancement on December 26, 2004

(A) 20:49:07 LT

Power (A.U.)

(B) 20:49:17 LT

Power (A.U.)
-

T
Frequency (MHz) 1

Note the presence of a presumably radio signal at 2.5 MHz.

(C) 20:49:27 LT

2
Frequency {MHz) 1

Figure 15. A set of data showing less prominent but more commonly observed F-region
plasma line enhancement in the presence of spread F events, when NAU transmitter was

on.
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3.2. A Source Mechanism

While there are not known mechanisms which can produce nighttime F region plasma
line enhancement over Arecibo, we believe that the NAU-generated 40.75 kHz whistler-
mode waves are the potential source responsible for it. As elaborated below, the 40.75
kHz whistler-mode waves acting as the pump waves can excite lower hybrid waves in the
F region plasmas, which subsequently accelerate electrons along the Earth’s magnetic
field. The plasma waves associated with the streaming electrons were detected by the
Arecibo backscatter radar beams as enhanced plasma lines. The spectral features of these
measured plasma lines are shown to be consistent with this proposed source mechanism.

The NAU 40.75 kHz transmitter in Puerto Rico emits at 100 kW. Even if a few percent
(~ 7.5% as estimated) of the radiated power couples into the ionosphere, the electric field
amplitudes of the 40.75 kHz whistler-mode waves would reach 1 mV/m in the
ionospheric F region. Such intense whistler-mode waves can parametrically excite lower
hybrid waves and zero-frequency field-aligned density irregularities by a four-wave
interaction process [Lee and Kuo, 1984a], as delineated in Figure 16.
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Figure 16. A four-wave interaction process showing that 40.75 kHz whistler waves can
parametrically excite Stokes and anti-Stokes lower hybrid waves together with zero-
frequency field-aligned density irregularities. The excited lower hybrid waves have a
single frequency of 40.75 kHz with a spectrum of wavelength.

This whistler wave-plasma interaction process satisfies the following wave frequency and
wave vector matching relations:
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©= © 1 - O [Eq. (1a)]

W= O + O [Eq. (1b)]
ko: ki - kS [Eq (23)]
ko= k. + kg [Eq. (2b)]

where (®,, ko) denotes the 40.75 kHz whistler-mode wave, that excites an “anti-Stokes”
lower hybrid wave (o', ki), a “Stokes” lower hybrid wave (o, k.), together with a
“zero-frequency” plasma mode (s, ks). That is, the real component of ws = 0 and the
real component of ® (n (o'¢n ) equals to w,. Here, o;)*s is the complex conjugate of ws.

We adopt the following ionospheric plasma parameters: w,/2n = 40.75 kHz, w,/2n = 4
MHz, o./2n = 1.0 MHz and assume that the whistler-mode waves propagate along the
Earth’s magnetic field, with a wave normal angle = 0, to simplify the analysis of this
physical process. Then, the wavelength of 40.75 kHz whistler-mode waves is found to
be ~ 375 m from the following whistler dispersion relation (Eq. (3)).

(cko/®o) = pe /(6 Oce) [Eq. (3)]
The dispersion relation for lower hybrid wave (¢ , ken) is given by
Weh = O¢hR [ 1+ ( k[huz M;/ kth_Z me )] & [Eq (4)]

where @ = @0 ; Or = Opi/ [ 1 + (0pe / Oce )2]1/2 ~ 35.8 rad-kHz is the lower hybrid
resonance frequency, m. the electron mass, M; ( = 1840 x 16 m. ) the atomic oxygen
ion mass, ®p; e atomic oxygen ion plasma frequency, ®.; the atomic oxygen ion gyro-
frequency, and ke, and kL are the parallel and perpendicular components of the lower
hybrid wave vector, respectively.

One can notice from Eq. (4) that lower hybrid waves excited by the 40.75 kHz whistler-
mode waves have the same frequency (0 = ®,), but with a continuous spectrum of
wave vectors. We should point out at this moment that the instability mechanism of Lee
and Kuo [1984a] is different from the mode conversion of whistler mode waves to lower
hybrid mode with much less intensities by scattering from ionospheric density
irregularities [Bell and Ngo, 1990; Groves et al., 1988]. The instability mechanism and
the mode conversion process can contribute additively to the spectral broadening of VLF
waves in the topside of the ionosphere [Bell and Ngo, 1990; Groves et al., 1988].

We examine how the lower hybrid waves excited by the 40.75 kHz whistler-mode waves
can accelerate electrons along the Earth’s magnetic field and yield the detected plasma
lines in F region as follows. The Arecibo 430 MHz radar detects plasma modes with a
wavelength of 34 cm which is half of the radar wavelength of 68 cm, following the Bragg
scattering condition. The radar-detected F-region plasma lines have a center frequency
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around 4 MHz with a bandwidth of 1.5 MHz. Hence, the phase velocities of those waves
associated with the streaming electrons range from 1.1 x10° to 1.6 x10° m/s. Then, the
inferred phase energies of those streaming particles have a range of 7.2 -15 eV.

Under the resonant interaction condition, the lower hybrid waves accelerating these
electrons have the same range of parallel phase velocities (fin Aen) from 1.1 x10° to 1.6
x10° m/s, where fi, and A represent the frequency and parallel wavelength of lower
hybrid waves, respectively. Because these lower hybrid waves have a single frequency
of 40.75 kHz, they have a spectrum of parallel wavelength (Ay) ranging, at least, from
26.8 to 39.2 m. The corresponding perpendicular wavelengths (AgL) of these lower
hybrid waves, calculated from Eq. (4), have magnitudes from 1.1 to 1.6 m. In other
words, electrons in F region are energized by meter-scale lower hybrid waves excited by
the NAU-generated whistler-mode waves.

3.3. Summary and Conclusions

We propose that the Naval transmitter (NAU) is responsible for causing the enhanced
plasma lines, detected by Arecibo 430 MHz radar in the nighttime ionosphere F region, in
the presence of spread F events. The NAU-generated 40.75 kHz whistler-mode waves
are intense enough to excite lower hybrid waves and zero-frequency field-aligned plasma
density irregularities in the ionosphere over Arecibo. These lower hybrid waves,
generated in a broad range of altitude at the wake of 40.75 kHz whistler-mode waves,
have a single frequency of 40.75 kHz with a spectrum of wavelengths. They can
effectively accelerate electrons continuously along the Earth’s magnetic field with
energies from a fraction of 1 eV to 10 eV. These energetic streaming electrons, when
detected by Arecibo 430 MHz radar, give rise to enhanced plasma lines with a frequency
spectrum of ~ 3.25 — 4.75 MHz.
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